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Abstract—Wireless networks consisting of compact antennas
ﬁnd applications in diverse areas such as communication systems,
direction of arrival estimation, sensor networks, and imaging. The
effectiveness of many of these systems depend on maximizing the
reception of RF power and extracting maximum information from
the incident electromagnetic (EM) wave. Traditionally, this has
been achieved through multiple-input multiple-output (MIMO)
systems employing a spatial array of antennas that enhance the
channel capacity. In this paper, we report similar increases in
channel capacity obtained through the use of vector antennas con-
sisting of co-located loops and dipoles, which can respond to more
than one component of the EM ﬁeld. It is shown that systems with
three- and four-element vector antennas at both the transmitter
and receiver operating around the frequency of 2.25 GHz support
three and four times more information, respectively, as compared
to conventional systems consisting of sensors with single antennas.
ComparisonwithasimpliﬁedtheoreticalmodelofaMIMOsystem
with co-located antennas in a rich multipath environment shows
good agreement.
Index Terms—Loop antenna, multiple-input multiple-output
(MIMO) antenna, vector antenna.
I. INTRODUCTION
W
IRELESS systems increasingly ﬁnd applications in di-
verse areas ranging from high-rate communication to
medical imaging systems. The performance of all these systems
is governed by their ability to efﬁciently sample the electro-
magnetic (EM)energyincidentonthem.Intraditional multiple-
inputmultiple-output(MIMO)systems,thisisachievedthrough
spatially well separated antennas that help collect the available
information[1].Asanalternative,sensorsconsistingofmultiple
co-located elements responding to different components of the
incident EM ﬁeld (also referred to as vector antennas) can be
employed, achieving the same effect as traditional MIMO sys-
tems. The increased information-theoretic capacity supported
by suchantennas wouldenable increasedthroughput when used
for communication, increased power efﬁciency, better direction
of arrival estimation [2], and more responsive sensors.
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Systems consisting of sensors in the form of vector antennas
with co-located elements, which respond to more than one po-
larization, have been proposed as a means of increasing channel
capacity in a rich scattering environment [3]. Research has been
undertaken to theoretically account for this increase in capacity
[4]–[6]. MIMO systems consisting of inﬁnitesimal loops and
dipoles[3],aswellasconﬁgurationswithdipolesalongthesides
of a cube [7] have been proposed, but there have been few in-
stances of practical wireless systems with vector antennas built
toverifytheincreaseininformation-theoreticcapacity. Systems
employing co-located elements consisting of three dipoles [3]
and a loop and dipole [8], as well as those consisting of a loop
and two dipoles in the plane of the loop [9] have been proposed.
In this paper, the properties of two such MIMO systems are
investigated. The ﬁrst employs a vector antenna consisting of
three elements, namely, a loop and two coplanar dipoles, and
operates at 2.22 GHz. The second system consists of a four-el-
ement vector antenna including a loop and three orthogonal
dipoles and operates at 2.27 GHz. The properties of a MIMO
communication link employing these two vector antennas are
investigated experimentallyand theincreasein expectedmutual
information (EMI) is observed in a realistic scattering environ-
ment. The experimental results obtained are compared with a
model [10] that is being developed to predict the effect of an-
tenna characteristics and channel multipath environment on the
mutual information and are shown to be in good agreement.
The remainder of this paper is organized in the following
manner. The design and impedance characteristics of the an-
tennas present in the system are presented in Section II. Sec-
tionIIIprovidesanoverviewofthechannelmodelusedinsimu-
lations, and Section IV describes the experimental setup used to
realize the MIMO system and obtain the channel matrices that
are used in Section V to compute the mutual information and
compare it with that obtained by systems employing the same
numberofelementsinatraditionalMIMOspatialarray.Wealso
compare the mutual information predicted by the model to that
obtained from experimental data. Conclusions are presented in
Section VI.
II. ANTENNA DESIGN AND CHARACTERISTICS
Two MIMO systems were constructed, one with four ele-
ments and the other, coplanar, with three elements. The system
with four element antennas consisted of a loop and three or-
thogonal dipoles. In order to separate the feeds of the four el-
ements, the dipoles were slightly off-center fed. The three el-
ement antenna system consisted of a loop and two coplanar
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Fig. 1. Four-element vector antenna system composed of three orthogonal
dipoles and a loop.
Fig. 2. Three-element vector antenna system composed of two orthogonal
dipoles and a loop in a coplanar arrangement.
dipoles placed in a planar arrangement with a similar offset
feeding employed for the dipoles.
Despite some preliminary research indicating that mutual
coupling could help in decorrelating the multipaths [11], both
antennas systems were designed with the goal of achieving low
coupling amongst its elements in order to obtain high radiation
efﬁciency.
The four- and three-element prototype antenna systems are
designed to operate at the frequencies of 2.27 and 2.22 GHz,
respectively. The bandwidth (i.e., less than 10 dB) is 10
and 45 MHz, respectively. The antenna systems have both been
fabricated ona 9 9cmsubstrate with and a thickness
of 1.5 mm. Figs. 1 and 2 show the constructed antenna systems
with four and three elements, respectively.
A. Loop Design
It is well understood [12] that only an electrically small loop
or loop with a constant current distribution retains the radiation
Fig. 3. Impedanceof the multisector loop antenna with aground plane:FDTD
and experimental results.
characteristics of a magnetic dipole. In this study, the loop was
2-mm thick with a 7.5-cm diameter, and a relatively constant
currentdistributionwasachievedbyrealizingtheloopbymeans
offourpie-shapedsectorsfedinphaseattheircorners[13].This
arrangement ensured that the currents were directed in opposite
directions along adjacent feed lines, thus effectively nullifying
any spurious radiation [13]. Impedance matching was achieved
by feed lines of a thickness of 6 mm and a 22 22 mm square
ground plane on the bottom surface of the substrate used to fab-
ricate the loop.
The original loop design and its optimization was carried out
byusinganin-houseﬁnitedifferencetimedomain(FDTD)code
[14] and good agreement between simulated and experimental
resultswasfoundfortheinputimpedance(Fig.3).Theradiation
pattern of this multisector loop with a ground plane was simu-
lated for comparison with that of a constant current loop, and
it was veriﬁed that the component pattern agreed well with
that of the ideal loop with a constant current. Also, the magni-
tude of the cross component was veriﬁed to be negligible.
B. Dipole Design
For the MIMO system with three-element antennas, the two
dipoles were printed on separate substrate layers and stacked
mutually orthogonally on the loop antenna. Since the loop was
fed in the center, the dipoles were fed slightly off center using
coaxial probes. The two dipoles were 2-mm thick and 6.5-cm
long with an offset of 12 mm between the feed point
and the center of the antenna system. The bottom dipole will be
referred to as dipole 1, with the one on the top being dipole 2.
Two notches were cut in the ground plane of the loop to isolate
the dipole feeds from those of the loop and minimize coupling.
For the MIMO system with four-element antennas, the third
half-wavelength dipole was made of copper wire and placed or-
thogonal to the other three elements through a small hole that
was drilled through the substrate with an offset of 1 cm with
respect to the center. It will be referred to as dipole 3 with the
coplanar dipoles being dipoles 1 and 2.KONANUR et al.: INCREASING WIRELESS CHANNEL CAPACITY THROUGH MIMO SYSTEMS 1839
Fig. 4. Scatteringparametersmeasured for the loop(loop1) andbottom dipole
(dip1) in the four-element vector antenna case.
Fig. 5. Scatteringparametersmeasured for the loop(loop1) andbottom dipole
(dip1) in the three-element vector antenna case.
C. Impedance Characteristics
The placement of the loop, as well as the dipoles in close
proximity necessitated the investigation of not only the
matching of each antenna, but also of the mutual coupling
between them. The impedance characteristics were obtained by
connecting two feeds of the vector antenna to the ports of an
Agilent ENA 5071B network analyzer, while terminating the
remaining feeds with 50- loads. As an example of the results,
joint characteristics of the loop and one of the dipoles for the
four-element antenna case is shown in Fig. 4. We note that both
the antennas are well matched at the frequency of 2.27 GHz,
with return loss being less than 10 dB and coupling lower
than 26 dB over the frequency range of 2.265–2.362 GHz.
Similar results are obtained for all possible pairs of these
antennas with the maximum coupling being 12 dB.
The three-antenna system was designed to operate at
2.22 GHz and representative impedance and isolation charac-
teristics oftheantenna systemareshowninFig.5. Theantennas
have 10-dB bandwidth between 2.186–2.269 GHz with the
mutual coupling being lower than 22 dB. The maximum
mutual coupling among all the antenna pairs is 19 dB. This
antenna was used as a transmitting antenna with a similar
antenna being used at the receiver. The complete impedance
characteristics for the three-element vector antenna are pre-
sented in Appendix I.
III. CHANNEL MODEL
The experimental MIMO system with vector antennas was
fabricated to verify the capacity increase that was predicted by
a simpliﬁed theoretical model for such antennas in a multipath
environment [10]. The channel has been described in detail in
[10] and here we will brieﬂy summarize it. The model describes
the joint multipath propagation of electric and magnetic ﬁelds.
It captures many of the salient features of the environment of
theMIMO systemand yet remains tractable enoughtoallow for
simpleanalysisofdifferentvectorantennaconﬁgurations,prop-
agation conditions, and communication algorithms. The exper-
imental observations presented in Section IV were compared
with the predictions obtained from this model and, as it will be
shown in Section V, found to be in good agreement.
The channel is assumed to consist of dominant paths be-
tween the transmitter and receiver with each path resulting from
scattering and reﬂections from physical objects placed in the far
ﬁeld of both the transmit and receive antennas. Thus, the waves
from the source incident on the scatterer and waves from the
scatterer incident on the receiver can be considered to be plane
waves.
We ﬁrst consider a single four-element vector antenna at the
receiver. We assume that it can respond to three components
of the electric ﬁeld (the three dipoles respond to )
and one component of the magnetic ﬁeld (e.g., the loop re-
sponds to ). We therefore consider a 4 1 column received
vector where the ele-
ments correspond to the complex baseband equivalents of the
narrow-band signals received, is the intrinsic impedance of
the medium, and indicates transpose operation. This received
vector is the response of the antenna system to incoming plane
waves, whose baseband equivalent is modeled by a 2 1 ma-
trix to account for both the horizontal and vertical compo-
nents. It is assumed that the multipath component arrives at the
receiver from the direction , where
(1)
with and being, respectively, the azimuth
and elevation of the multipath signal in receiver coordinates.
For a narrow-band plane wave propagating in a nonconductive,
homogeneous, and isotropic medium, the receivedsignal can be
modeled by [2]
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where represents the thermal noise and
(3)
Thefour-elementvectorantennaatthetransmitterisassumed
forsimplicitytobeapointsource.Thecomplexbasebandequiv-
alent of the transmitted signal is modeled similarly by a 4 1
matrix, . Ignoring path
lossesanddelays,thistransmittedsignalistransformedatascat-
terer in the far ﬁeld to , where
(4)
with and beingthe scattererazimuthand elevation,respec-
tively, in the transmitter coordinates and being the trans-
pose of . At the scatterer, the plane waves undergo another
transformation consisting of a change in polarization, as well as
loss of amplitude. This is accounted for by a 2 2 matrix so
that . The location and properties of the scat-
terer determine . The path loss and phase shift encountered
by the scattered signal before reaching the receiver may also be
included in .
In a multipath scenario consisting of dominant scatterers,
with the th path departing the transmitter in the direction ,
, undergoing scattering, and arriving at the receiver from di-
rection , , the combined signal at the receiver, assuming all
the paths have approximately the same delay [10], can be de-
scribed by
(5)
where is a discrete-time noise process with independent
identically distributed (i.i.d.) components, is
constrained to unit power, is the average signal-to-noise ratio
(SNR) per receive antenna, for the four element antenna,
and
(6)
where is the channel matrix. Here, is the root-mean-square
valueofthefadingpathgainsandensuresthattheaveragepower
per receive antenna is , when the inputs have unit power,
(7)
where is the conjugate transpose of .
The modeling of the MIMO system with three-element
vector antennas parallels that of the system with four-el-
ement antennas, with the main difference being in the
dimensions of the received and transmitted vectors (3 1
column vectors). In this case, the received vector would be
and
(8)
Fig. 6. Schematic representation of the experimental setup for the
measurement of channel matrices H.
It is to be noted that, in the experimental setup, the scatterers
were predominantly in the plane of both the transmitter and re-
ceiver.Thescatteringwasalsoassumedtointroducecrosspolar-
ization.Hence, wasassumedtohaveindependentidentically
distributed components.
IV. EXPERIMENTAL SETUP
In order to experimentally estimate the information capacity
of MIMO vector antenna systems, the fabricated antennas were
employedatthetransmitterandreceiverinarichscatteringenvi-
ronment in a laboratory setting (Fig. 6). A controlled number of
dominantperfectscatterersofvaryingsizes(upto17innumber)
wereplacedinthefarﬁeldoftheantennasystem( ,
where is the largest dimension in the structure i.e., 7.5 cm
for the loop). The 4 4 channel matrix was determined
by measuring the transfer parameters between each pair
of elements of the transmit and receive antennas, with the re-
maining elements being terminated in 50- loads. All the pos-
sible pairs of such ports were connected in turn to evaluate the
full matrix.Theprocessofmeasuringthismatrixrequiredap-
proximately half an hour. During this process, the environment
waskeptconstantwithpersonnelmovementkepttoaminimum.
However, in order to quantify the change in the channel param-
eters over time, the matrices were reevaluated so as to obtain
four successive readings for the same ﬁxed scattering environ-
ment, spanning a 2-h time frame, and it was veriﬁed that over
the frequency range corresponding to the bandwidth of the an-
tenna, the variation was less than 2%.
Fortyﬁvedifferent channel realizationswere measured.Each
different channel realization included variations in the number
of scatterers, their distribution in space, as well in the pres-
ence or absence of the line-of-sight. The same procedure was
repeated for the three-element antenna and a set of 30 3 3
channel matrices was obtained.
V. RESULTS
The channel matrices so obtained were all normalized by an
ensemble average calculated using (7) where for the
four-element antenna and for the three-element antenna.
thus ensures that the average power per receive antenna is ,
when the inputs have unit power [10] and the SNR is . TheKONANUR et al.: INCREASING WIRELESS CHANNEL CAPACITY THROUGH MIMO SYSTEMS 1841
Fig. 7. Variation in mutual information over four successive sets of
measurements for a ﬁxed scattering environment with four-element antennas at
both the transmitter and receiver.
Fig. 8. Measured mutual information for MIMO system with four-element
vector antennas. Line with markers is the EMI.
Fig. 9. Measured mutual information for MIMO system with three-element
vector antennas. Line with markers is the EMI.
mutual information is deﬁned for a certain SNR to
be
bps/Hz (9)
where denotes the determinant operation.
Fig.10. EMIand10%outagecapacityofsystemswithfour-andthree-element
vectorantennascomparedtoSACofanarraywiththesamenumberofelements.
Fig. 11. Comparison between experimentally and simulated EMI for MIMO
system with a four-element vector antenna with L =1 7scatterers.
Fig. 12. Comparison between experimentally and simulated EMI for MIMO
system with a three-element vector antenna with L =1 1scatterers.
As a further conﬁrmation of the negligible effect of the vari-
ation of the scattering parameters’ measurement over the mu-
tual information calculation, we evaluated the mutual informa-
tion using a set of four-channel matrices obtained for the same1842 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 53, NO. 6, JUNE 2005
Fig. 13. Scattering parameters measured in the three-element vector antenna case. (a) Loop (loop1) and bottom dipole (dip1). (b) Loop (loop1) and top dipole
(dip2). (c) Bottom dipole (dip1) and top dipole (dip2).
channel realization over a 2-h window, as mentioned in Sec-
tion IV (Fig. 7). This allows us to obtain the matrix by mea-
suring one element at a time.
Figs. 8 and 9 show the mutual information values obtained
for the systems employing the four- and three-element vector
antennas, respectively. For the four-element antenna system,
at 20-dB SNR, the mutual information varies from 15 to
25 bits per second/hertz (bps/Hz). In the three-element case, the
mutual information at 20-dB SNR varies from 5 to 15 bps/Hz.
It is interesting to note the wide variation in the mutual infor-
mation, which strongly depends on the channel environment.
The EMI is obtained by averaging the mutual information
over all channel realizations. There has been no opti-
mization carried out with respect to the unit power input distri-
butions and the power to each port was kept constant. For sim-
plicity i.i.d. zero mean unit variance Gaussian variables were
considered for the input distribution. Therefore, the EMI pro-
vides a lower bound on the ergodic capacity where such an op-
timization over the input distributions is considered. This corre-
spondstothecasewherethetransmitterhasnoknowledgeofthe
channel and the receiver has complete knowledge of the same.
The capacity can be further enhanced by the use of the water-
ﬁlling algorithm if the transmitter is fed back with the current
channel state information [1]. The third quantity of interest is
the 10% outage capacity, which guarantees that the throughput
will remainabove thislevel 90% of thetime. It is thus thefourth
lowest mutual information for the 45-channel realizations con-
sidered for the four-element vectorantenna system and thethird
lowest mutual information for the 30 channel realizations of the
three-element vector antenna system.
The EMI and the 10% outage capacity are shown in Fig. 10
for both the antenna systems under consideration. Here, the
throughput in bits per second/hertz (bps/Hz) is plotted against
the SNR. These are compared with the spatial array capacity
(SAC) [1], which corresponds to the capacity obtained through
the use of a spatially separated set of antennas at the trans-
mitter and receiver. In the spatial array case, the elements of the
channelmatrixaremodeledasi.i.d.complexGaussianvariables
with zero mean and unit variance. The EMI curves are close to
the SAC and the slopes at the high SNR are identical. Since the
slope at the high SNR is proportional to the rank of , the ex-
istence of 4 (3 for the three-element case) parallel spatial chan-KONANUR et al.: INCREASING WIRELESS CHANNEL CAPACITY THROUGH MIMO SYSTEMS 1843
nels is demonstrated. Also, the use of the four-element antenna
system leads to an improvement of close to 7 bps/Hz at 20-dB
SNR over the three-element system from 13 to 20 bps/Hz.
The simulated matrices were used to determine the EMI
and compared with the experimentally determined EMI. The
experimental setup for the four-element antenna case consisted
of 17 principal scatterers placed predominantly on a plane per-
pendicular to that of the antennas ( and ,
). We note from Fig. 11 that, for the four-element vector
antenna,thesimulatedandexperimentalEMIagreecloselywith
the values differing by 0.5 dB at 20-dB SNR. In the three-ele-
ment vector antenna case, the arrangement of the scatterers was
similar, but 11 scatterers were present ( and ,
). From Fig. 12, we see that the experimentally
determined EMI is lower than that predicted by the simula-
tion by around 2 dB at 20-dB SNR. The slopes at these SNR,
however, are identical conﬁrming the scaling in capacity ob-
served over the single-antenna case. The difference can be at-
tributed to the simpliﬁcation implicit in the model, including
absence of coupling and ideal radiation patterns (of elemental
loops and dipoles) considered for the elements of the antenna.
This simple model, however, does provide a computationally
tractable method of studying the behavior of such vector an-
tennas in a multipath environment.
VI. CONCLUSION
In this paper, we have experimentally demonstrated that
MIMO systems with three- and four-element vector antennas
can lead to a threefold or fourfold increase, respectively, in the
capacity of a communication system as compared to a conven-
tional single-element antenna. The system with four-element
vector antennas yielded an EMI of 20 bps/Hz at 20-dB SNR,
while the MIMO system with three-element vector antennas
is characterized by an EMI of 13 bps/Hz at the same SNR.
Since these co-located vector antennas compare favorably with
the SAC of a system with an identical number of transmit and
receive antennas, they can be employed in lieu of ordinary
MIMO systems. The favorable characteristics of these systems
in being as effective as traditional spatial antenna arrays within
the physical space of a single antenna could lead to their use in
a number of applications, including high data-rate communi-
cation links, angle of arrival estimation, and sensors, to name
af e w .
APPENDIX
IMPEDANCE CHARACTERISTICS THREE-ELEMENT ANTENNA
Fig. 13 shows the complete return loss and coupling charac-
teristics of the three-element vector antenna.
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